Background: Cerebrospinal fluid (CSF) leaks are wellknown and frequent complications of intracranial procedures. Numerous studies have focused on the clinical aspects of incidence, risk factors, outcome, treatment, and prevention; however, large prospective multicenter studies are missing. The aim of this study was to prospectively analyze the rate of CSF leaks and their causes. Method: A total of 545 patients with a variety of intracranial procedures (elective and trauma) were recruited in a multicenter, prospective, observational study over a 12-month period. Results: In 545 cranial surgeries, we observed a CSF leak rate of 7.7% (n = 42) at the time of discharge from the hospital. Significant risk factors for CSF leaks were posterior fossa surgery, opened pneumatized spaces, patients younger than 66 years, size of craniotomies, craniectomies rather than craniotomies, remaining dura defects larger than 1 cm, and wound closure without using muscle sutures, continuous locked, or unlocked sutures. Nonsignificant risk factors for CSF leaks were revision craniotomies, craniotomies for different pathologies, previous radiotherapy and/or systemic chemotherapy, augmentation of dura sutures with various materials, and wound drains as well as temporary CSF drains. Conclusion: Despite the number of techniques and developments for dural closure, the problem of CSF leaks remains evident and further improvement has to be made.
Introduction
Cerebrospinal fluid (CSF) leaks are well-known and frequent complications of intracranial procedures. Numerous studies have focused on the clinical aspects of these challenging and tedious complications (incidence, risk factors, outcome, treatment, and prevention); however, prospective multicenter studies of high evidence are missing. Often, " authorities " state how dural closure has to be done, what is right, and what is wrong. However, those statements are rarely evidence-based.
Watertight dural closure is often not possible for various reasons. Therefore, numerous techniques and materials have been developed to obtain the " perfect " closure, which should result in the reduction of CSF leaks [ 1 , 2 , 4 , 5 , 6 , 9 -11 ] . In contrast, in some surgical procedures, no dural closure is performed (i.e., extra-intracranial bypass [ 3 ] ) intentionally with no elevated number of CSF leaks.
A large prospective analysis is necessary to provide more in-depth data on the incidence of CSF leaks and their causes. This multicenter registry/study should substantially contribute to this goal.
Materials and methods
A total of 1395 patients with a variety of intracranial and spinal procedures (elective and trauma) were recruited in a multicenter, prospective, observational study over a 12-month period. Three German centers took part in this registry: the neurosurgical departments of the University of Rostock, L ü beck, and the Asklepios Klinik Hamburg Altona.
In the 545 unselected cranial cases, 415 (76.1%) craniotomies, 97 (17.8%) craniectomies, and 29 (5.3%) cranioplasties were performed.
In four cases, the information was missing. The sex distribution was almost equal: females: 278, males: 267. In 445 cases, it was a primary surgery, whereas in 100 cases it was a revision surgery. Surgical pathology was inhomogeneous: vascular (n = 88), trauma (n = 58), tumor (n = 308), microvascular decompressions (n = 15), and varia (n = 76) ( Table 1 ) .
The method of dural and wound closure was reported by the surgeon answering a questionnaire immediately aft er surgery. The questionnaire contained factors that might interfere with the development of CSF leaks: type of surgery, pathology, size and localization of craniotomy, type of dural closure, augmentation technique of dural closure, application of wound, and CSF drains, etc.
CSF leaks were documented at the time of discharge from the hospital or aft er re-admission (if applicable).
All data were stored and analyzed using the SPSS statistical package version 17.0 (SPSS Inc., Chicago, IL, USA). Descriptive statistics computed included frequencies and percentages of categorical factors. Testing for diff erences of categorical variables between two or more subgroups was accomplished by Fisher ' s exact tests or Pearson ' s χ 2 -tests. All P-values resulted from two-sided statistical tests, and P ≤ 0.05 was considered to be signifi cant.
The pharmacoeconomical consequences of postoperative CSF leaks for some of these patients were already published elsewhere [ 12 ] .
The study was approved by the Ethical Committee of the University of Rostock (no. A2008-77) and complied with the World Medical Association Declaration of Helsinki. 
Results
We observed a CSF leak rate of 7.7% (n = 42) in 545 cranial surgeries at the time of discharge from the hospital. Dural suture augmentation was performed in 472 cases, using multiple different augmentation techniques and materials (fibrin glue, fleece-bound sealant, etc.) ( Table 2 ) .
Overview
Significantly more CSF leaks developed in posterior fossa surgery (P < 0.001), in craniectomies more than in craniotomies (P < 0.001), if pneumatized spaces were opened (P = 0.015), if the dura defect after closure remained larger than 1 cm (P = 0.001), and in patients younger than 66 years (P = 0.05). The risk of a CSF leak was higher if no dural suture or only interrupted sutures were performed. Dural closures with running sutures showed less CSF leaks (P < 0.001) as compared with stitch-by-stitch sutures. No differences were found when comparing primary surgery with reoperation. The kind of intracranial pathology did not influence the incidence of a CSF leak. No significant difference was observed with regard to previous radiotherapy/systemic therapy, augmentation of the dura suture with various materials, wound drains, CSF drains, and the duration of hospital stay.
Results in detail
The site and size of skull openings had a highly significant ( χ 2 -test: P < 0.001) influence on CSF leaks [small supratentorial openings: 3.3% (9/272); larger supratentorial openings: 9.3% (11/118); fronto-and temporobasal: 5% (3/60); cerebellopontine angle (CPA): 20% (6/30); transsphenoidal: 5.3% (1/19); cerebellar hemisphere: 13.6% (3/22); In craniectomies, the rate of CSF leaks was 19.6% (19/97); in craniotomies, the rate was 4.6% (19/415); and in cranioplasties, this was 13.8% (4/29). The difference was highly significant (P < 0.001). With regard to age: CSF leaks were found in 4.3% (9/207) of patients older than 65 years and in 9.8% (33/338) of patients up to 65 years; this difference was significant (Fisher ' s exact test, P = 0.021).
No difference was seen depending on pathology (vascular malformations, head injuries, tumors, microvascular decompressions, and varia). Differentiating various tumor entities such as acoustic neuromas showed a significantly higher rate of CSF fistulas than of other tumors ( χ 2 -test: P < 0.001).
Patients having had radiotherapy and chemotherapy prior to surgery showed no higher risk for CSF leaks (7.7% vs. 7.7%) as was the case for surgery without radiotherapy or chemotherapy.
The effect of dural and wound closure techniques showed a significant influence on the development of CSF fistulas. Continuous sutures and locked sutures of the dura were followed by CSF leaks in 3.3% and 4.7%, respectively; interrupted sutures or no sutures at all were followed by CSF leaks in 16.1% and 9.2%, respectively ( χ 2 -test: P < 0.001).
Tight dural sutures by inspection were followed by CSF leaks in 4.7% (8/170); small gaps up to 0.5 cm led to CSF leaks in 7.4% (15/203) and in gaps up to 1 cm in 1.5% (1/66). In defects more than 1 cm in diameter, the development of CSF leaks was at 17% (18/106), which was significantly higher ( χ 2 -test: P < 0.001). If dural closure was tight by inspection, additional securing/augmentation of the suture by a different technique (covering with muscle or fascia flap, gelitta, fibrin glue, hydrogel gel, or others) was more uncommonly performed (68.8%, 117/170) than in imperfect sutures (94.7%, 355/375) (Fisher ' s exact test: P < 0.001).
Augmentation of the dural closure had no significant influence on the development of a CSF leak; however, there was a negative selection using suture-securing techniques: imperfect dural sutures were significantly more often secured than perfect dural closures.
The subgroups with different dural closure augmentation techniques (fleece-bound sealant, glue, dural-plasties, etc.) were too small to detect any statistically demonstrable effect.
Epidural drains were used rarely in 7.7% (42/545) of patients. The presence of wound and CSF drains as well as the length of those drains had no influence on the development of CSF leaks.
Suturing muscle, continuous sutures of the skin, as well as skin staplers were associated with a significant reduction in CSF leaks; in contrast, suturing subcutaneous tissue did not show an influence.
Discussion
CSF leaks are a psychological and physical burden for the patient as well as a frustrating experience for the surgeon. CSF leaks lead to longer hospital stays, risk of infections/ meningitis, discomfort to the patient, and, last but not least, higher costs [ 8 ] . Therefore, everything must be done to avoid postoperative CSF leaks.
Our numbers of CSF leaks seem to be high, but because of the prospective multicenter character of data acquisition, they are more reliable than data from many retrospective studies.
There is still an ongoing discussion on how and how tight a dural closure should be [ 1 -6 , 9 , 14 ] , but the dogma of watertight dural closure has held in supratentorial craniotomies [ 3 , 13 ] . There are a substantial number of surgeries where watertight closure is not achieved intentionally, as in bypass surgery [ 7 , 15 ] with no increased incidence of CSF leaks. However, there is still a need to know when we should force a watertight closure and how we should achieve it.
Before discussing the techniques to avoid CSF leaks, risk factors should be detected and quantified. The higher risk of CSF leaks in posterior fossa surgery and of opened pneumatized cells is well-known [ 14 ] and was confirmed by our results. Our study identified the following as further risks of CSF leaks: age (up to 65 years), size of craniotomies, craniectomies vs. craniotomies, and interrupted skin sutures. This means that, to avoid CSF leaks, we should focus our interest not only on how to close the dura but also on wound closure techniques, repair of opened pneumatized spaces, keeping craniotomies smaller, etc.
However, some results must be interpreted with caution: the missing effect of dural closure augmentation could be explained by the fact that those techniques were used more frequently in cases where tight dural closure was more difficult, which was reflected as well by our numbers. This means cases with and without dural closure augmentation are not comparable, which leads to the conclusion that the effect of dural closure augmentation cannot be assessed by our study in a sufficiently scientific matter. In the opinion of the authors, the augmentation techniques still have an important but difficult-to-prove role.
A number of expensive augmentation techniques have been invented to achieve a more or less watertight dural closure [ 1 , 5 , 10 ] , which may be unnecessary in several cases as it is, for instance, in smaller supratentorial craniotomies where expensive and extensive augmentation techniques might be unnecessary. However, augmentation techniques are very important in infratentorial approaches and if pneumatized spaces were opened. The lack of demonstration of its advantages might be the negative selection of cases where augmentation techniques were performed, e.g., in cases with insufficient dural sutures. But, in the opinion of the authors, those augmentations play a very important role because these techniques help to close the dura much tighter than otherwise. With CSF fistulas in about 20% in infratentorial cases, it seems mandatory to apply any technique that could help reduce this risk. However, the expenses of artificial dural closure, glues, fleece-bound sealant, hydrogel sealant, etc., require a proven indication so as not to overburden the economic situation of our hospitals and our health care system.
The absent dependence of CSF leaks on operated pathology does seem to be surprising, and the higher rate of CSF leaks in acoustic neurinomas is better explained by the site of craniotomy (infratentorial approach and a high incidence of opening of pneumatized spaces) than by the tumor pathology itself. The higher risk in younger patients is difficult to explain but may be caused by less invasive procedures in elderly patients with high risks of CSF fistulas (fewer craniectomies, fewer CPA approaches).
The high frequency of CSF fistulas needs additional solutions to reduce the numbers of this bothersome complication. The risk of CSF fistulas is affected by multiple factors, which makes it difficult to focus on a single factor. In our clinical series, no single case exactly resembled another; therefore identifying independent factors is difficult and makes a series with very high numbers necessary. This means we and also others should register further on all possible factors that might interfere with CSF leaks to get more arguments as to which dural and wound closing technique may really reduce CSF leaks and in which case. However, we think we could contribute some numbers and some factors to decision-making.
Conclusions
Whereas supratentorial craniotomies without opening of pneumatized spaces have a lower risk of CSF leaks and do not need extensive securing with expensive glues, infratentorial craniotomies require considerable efforts to achieve watertight dural/wound closure and sealing of opened pneumatized spaces to avoid CSF leaks. We should take care to accurately and meticulously close the dura and wound also in so-called simple cases in order to reduce the risk of unnecessary CSF leaks.
